Abstract Diffusion processes into multilayered samples of Norway spruce (Picea abies [L.] Karst.) exposed to a differentiating climate (dry side/wet side) were determined and quantified by means of neutron imaging (NI). The experiments were carried out at the neutron imaging facility NEU-TRA at the Paul Scherrer Institute (PSI) in Villigen (Switzerland).
Introduction
In recent years, glued solid wood materials such as glued laminated timber (glulam) used as girder or multilayered solid wood panels used for walls and ceilings have gained in importance. In this context, the diffusion of water vapour within wood and the barrier effect of adhesive joints are of high relevance to the field of building physics: this particularly is the case regarding the hygroscopic behaviour and the water transfer in building elements and the humidity exchange with the room. While diffusion processes of wood are subject of many investigations (e.g. Stamm 1959a Stamm , 1959b Kollmann and Côté 1968; Skaar 1988; Siau 1995; Frandsen et al. 2007) , the influence of adhesive joints on the diffusion processes has scarcely been studied. One of the few studies done on this topic was carried out by Frühwald (1973) . He investigated in detail the influence of bond lines of a phenolic resin between the veneers of beech plywood by varying the number of bond lines and films per line. Recently, Foglia (2006) investigated the influence of bond lines of a one-component polyurethane adhesive between spruce wood lamellas on the water vapour resistance using the cup method according to ISO 12572 (2001) . Based on these data (resistance factors of spruce wood without bond lines and with 2, 3 and 5 bond lines), the water vapour resistance factor of the bond lines could be calculated according to the Glaser method (Glaser 1959) . This resulted in a mean water vapour resistance factor of 3900 for the wet cup test and 8700 for the dry cup test. This indicates a high dependence of the adhesive's water vapour resistance on the moisture content (MC) of the adjacent wood, as already stated by Frühwald (1973) for a phenolic resin.
The goal of this study was to investigate the phenomenon of the moisture-depending diffusion resistance for different adhesives: polyvinyl acetate (PVAc), urea formaldehyde resin (UF), epoxy resin (EP) and one-component polyurethane (1C PUR). Neutron radiography was used to detect the water content within wood (according to Mannes et al. 2009b) . The advantage of this non-destructive method is its high sensitivity to hydrogen allowing visualisation of time-dependent water diffusion processes in wood. In the recent past, several investigations with neutron radiography were carried out in order to analyse the capillary water absorption by partial immersion of wood specimen into water (Lehmann et al. 2001a; Niemz et al. 2002; Mannes et al. 2006) . Mannes et al. (2009b) demonstrated that even small amounts of water absorbed from air moisture can be detected and quantified.
Material and methods

Material
20 samples from Norway spruce (Picea abies [L.] Karst.) of approximately 120 mm (length) × 15 mm (width) × 30 mm (height) were prepared for testing bound water diffusion. The diffusion process was run from the top to the bottom of the sample. Two of the samples were used for determination of the radial and tangential diffusion. The other 18 samples were added with one to five bond lines at half height or rather regularly distributed over the height in order to determine the influence of bond lines on the diffusion processes. For these samples, the diffusion in the spruce wood occurs in the tangential direction.
The samples were tested in two series. Series 1 included the two samples without adhesives and samples with 1, 3 or 5 bond lines of UF and 1C PUR. The applied adhesives are commonly used for load-bearing timber structures, UF (cold gluing) in dry conditions and 1C PUR even in humid conditions. Series 2 includes samples with bond lines of EP, PVAc, UF and 1C PUR; the thickness of the bond lines was varied (0.1 mm, 0.5 mm, 1.0 mm). EP is a two component adhesive of high strength, PVAc allows many general applications in the wooden industry and 1C PUR-in contrast to that one of series 1-is an elastic adhesive for parquet flooring. The used UF of series 2 is the same as in series 1. All adhesive joints were prepared at 20°C and 65% relative humidity (RH). Table 1 gives an overview of all tested samples.
Methods
Experimental setup
The experiments were performed at the neutron radiography facility NEUTRA of the spallation neutron source SINQ at the Paul Scherrer Institute (PSI) in Villigen, Switzerland (Lehmann et al. 2001b ). The samples were tested in two series over a period of about ten weeks. The detailed test conditions for the two series are described in Table 2 . During this time, the preliminarily oven-dried samples were exposed to a differentiating climate (series 1: 20°C/85% RH to almost 0% RH; series 2: 20°C/90% RH to almost 0% RH); the moisture of the samples was measured with neutron radiation after defined time intervals in order to follow the diffusion process into the sample.
Thereby, at the beginning of the tests the samples (dried at 103°C until weight constancy) are insulated with aluminium tape on the four edges, leaving only the top and the bottom planes (the orthogonal planes of the required diffusion direction) unsealed. Each sample is then fixed on a cup filled with silica gel that is closed with a slotted aluminium plate. The sample sits above the opening of the slot, which has the same length and width as the sample (Fig. 1) . The first neutron radiation measurement is still made for the dry sample so as to obtain a reference image.
For the measurement, the cup with the sample is positioned in front of the neutron detector (a combination of a neutron sensitive 6 Li doped ZnS scintillator and a CCDcamera) so that the tangential-longitudinal plane (and in one Table 1 Overview of the tested samples and the applied adhesives at the beginning of the measurements (oven-dry) and the mean moisture content (MC mean.end ) and water concentration (C mean.end ), respectively at the end of the measurements after 70 days (series 1) or 74 days (series 2) exposed to a differentiating climate (series 1: 20°C/85% RH to 0% RH; series 2: 20°C/90% RH to 0% RH) Tab. case the radial-longitudinal plane) of the sample is exposed to a parallel beam of neutron radiation for a defined time ( Table 2 ). The neutron scintillator converts the neutron signal into visible light, which is led via a mirror onto a cooled 16 bit CCD camera (resolution: 1024 × 1024 pixels, field of view and pixel size as given in Table 2 ). After the measurement, the cup with the sample is put into a climatic chamber with a climate of 20°C and 85% (series 1) and 90% (series 2) relative humidity, respectively.
Further measurements take place in an analogous manner after defined time intervals (Table 2 ). The samples are removed from the climatic chamber only for the few minutes necessary for the radiography measurement.
Data evaluation
The attenuation of the neutron radiation within a sample can be described by the exponential law of radiation attenuation (1)- (4)).
(1)
Thereby the raw grey-level images, I w for the wet sample and I d for the dry sample, were converted to normalised transmission images (T w for the wet sample and T d for the dry sample); I ow and I od correspond to the intensity of the respective incident neutron beam, w and d represent the attenuation coefficients and t w and t d the layer thicknesses of water and wood, respectively. Since the interaction between neutrons and hydrogenous materials, such as wood, occurs partially as scattering, for quantitative analyses scattering corrections are necessary (Mannes et al. 2009a) . Thus, for the evaluation of the experimental data, the raw images were additionally corrected with standard procedures using the scattering correction tool QNI (Hassanein 2006) . QNI includes:
• compensation for the offset caused by the background noise of the CCD camera, • "flat field" correction equalising inhomogeneities of the beam intensity and the scintillator, • corrections due to sample scattering depending on the material and the distance of the sample to the scintillator and • corrections due to background scattering where the neutrons are scattered by the experimental facility.
Thereby, the percentage of the background scattering correction (determined with a "black body") was varied by adjusting the images to the dry part of the sample and the area of the aluminium plate (if the sample has already taken up moisture over the whole height, only the area of the aluminium plate was used for adjusting). The goal of the measurements was to detect the distribution of the water content within the sample in the diffusion direction. First, a profile over the entire height of the dry sample was generated, averaging the values over almost the whole sample width. Then the profiles of the following images (after the defined time intervals of the diffusion experiment) were referenced against the profile gained from the initial (oven-dry) image by dividing the wet profile by the dry profile (3). Due to swelling of the sample during the diffusion process and displacement of the position, the profiles from the following images had to be first adjusted by shifting and linear compressing in order to guarantee that the position of the bond lines coincide with the profile of the initial dry image. The differences between the measurements can be shown via division of the profiles. Application of (4) illustrates the change in water content. To adjust the water content determined via neutron radiation, the mean water content of the last image taken was referenced on the water content obtained by weighing the sample after the measurement was finished. Table 1 shows the mean water content of the samples as MC and as water concentration.
Determination of the diffusion coefficient
Evaluation of the diffusion coefficient follows the method described in Mannes et al. (2009b) using a 2nd order linear partial differential equation (PDE) of the diffusion corresponding to Fick's second law. Owing to varying densities in the different wooden layers of a sample due to anatomical properties such as early and latewood, Fick's second law was used in a modified version calculating the diffusion coefficient D depending on MC (cf. Olek and Weres 2007) :
where M is the MC in percent, t the time, x the moisture transport direction and D the MC-dependent diffusion coefficient, given in (6):
where D 0 is the diffusion coefficient at oven-dry state (M = 0) and α a constant describing moisture dependency.
Equations (5) and (6) were used for both the wooden part and the bond line applying different parameters for D 0 and α. Thereby, the resolution of the neutron images (Table 2) was the limiting factor, because calculating the diffusion coefficient of the bond lines needs at least one pixel for the calculation. Thus, the pixel size determines the minimum distinguishable thickness of a bond line. Therefore, according to the pixel size, the diffusion coefficients of the bond lines in series 1 were calculated using a thickness of 0.127 mm instead of 0.1 mm. Similarly, in series 2 a thickness of 0.272 mm, 0.545 mm, and 1.09 mm were used instead of 0.1 mm, 0.5 mm, and 1.0 mm, respectively. The high difference between the calculated and measured thicknesses of the thinnest bond line was caused by the fact that the pixel size of series 2 was more than twice as high than of series 1 ( Table 2) .
The transition between wood and adhesive was presumed to be a C 0 continuous transition. The following boundary conditions were used for the dry (7) and for the moist (8) boundary :
where σ is the surface emission coefficient describing the influence of external resistance on moisture movement (cf. Liu 1989), M ∞ the equilibrium MC and b the height of the sample. Differences between the experimental results M exp and the results for the solved PDE M calc were characterised by an objective function S:
where x n is the number of local measuring points within the calculation range and t n the number of test times (Table 2) . For the calculation, only the data from the non-deflected wooden areas (bulk wood areas) were taken into account because large deflections occurred around the zones of the bond lines and on the boundaries of the samples (cf. Fig. 2 ). The calculation was carried out using a Matlab ® (version 7.1, 2005) solver algorithm for partial differential equations and a "Nelder-Mead simplex direct search" optimisation algorithm for the minimisation of the objective function S (Nelder and Mead 1965) . This yielded the analysis parameters D o.w and D o.a , α w and α a (D 0 and α of wood and bond lines, respectively), σ and M ∞ .
Results and discussion
Diffusion properties of spruce wood
At low MC, the diffusion coefficient of spruce wood in the radial direction is higher than in the tangential direction. This trend does not change until a MC of about 15% is reached (Fig. 3a) . This can be explained by anatomical properties. At low MC, wood rays facilitate the water vapour flow in the radial direction, whereas with higher MC the bound water diffusion within the cell walls, and therefore the late wood zones in the tangential direction become more important (Vanek and Teischinger 1989; Siau 1995) . Vanek and Teischinger (1989) investigated diffusion coefficients of spruce wood on the basis of water content profiles within wood samples of steady-state moisture diffusion tests. They measured similar diffusion behaviours in the radial and tangential directions as was obtained within this paper but the change of the trend was already at 8% MC. This difference can be explained by the differing methods and, in regard to the high variation of wood properties, with the fact that within the scope of the presented investigation only one sample per direction could be tested.
The variation of the diffusion coefficients of the bulk wood portions-all in the tangential direction-can be illustrated by evaluating the data of the samples with bond lines (Table 3 ). Figure 3b shows the mean curves of both series 1 (samples 3-8) and series 2. By comparison with the curve of sample 1 (spruce wood in tangential direction), a lower increase of the diffusion coefficient with increasing MC of both mean curves can be observed. This tendency is intensified for series 2 and may be due to the even higher humidity difference of the climates applied on the two sides of the samples, yielding M ∞ about 20% compared with series 1 (M ∞ about 16%).
Diffusion properties of bond lines
The influence of the number of bond lines on the diffusion process is shown in Fig. 2 . For the samples with a single bond line, the diffusion process has nearly finished after 74 days. Observation of samples with three and five bond lines reveals that the diffusion process just reaches the bottom of the sample, and in the case of sample 8 (1C PUR with 5 bond lines) the water only reaches as far as the fifth bond line. This indicates a high diffusion resistance of the hardened adhesives particularly for the 1C PUR and is also visualised with the steps in the distribution of the MC at each bond line. The high diffusion resistance of the adhesives could be verified with the PDE-calculation (Table 3 ). Figure 4 shows the calculated diffusion coefficients of the two adhesives depending on MC and compared with the diffusion coefficients of the bulk wood portions. The diffusion coefficient of UF over the whole range of the measured MC is about one order of magnitude lower than that of spruce wood. Regarding 1C PUR, the difference between the diffusion coefficients of wood and adhesive increases from one to about three orders of magnitude with increasing MC. Moreover, the diffusion coefficient of 1C PUR shows only a slight dependency on the MC and partly even a negative slope (concerning the increase of the diffusion coefficient with increasing MC). This is contrary to the results of water vapour resistance measurements carried out by Foglia (2006) with the cup method. Also for series 2, the diffusion coefficients of the investigated adhesives clearly differ. Furthermore, a small influence of the thickness of the adhesive layer (bond line) was found for all adhesives: the diffusion coefficients increase with increasing thickness (Fig. 5) . The diffusion coefficients of PVAc and UF show a high dependency on MC similar to the spruce wood whereas EP and 1C PUR show only low dependency on MC; for EP even the diffusion coefficient partly decreases with increasing MC (Table 3 and Fig. 5 ). In contrast to EP and 1C PUR, PVAc and UF are highly influenced by water. In contact with water PVAc swells, a fact which reduces the bond resistance; UF degrades as a result of hydrolysis (Dunky and Niemz 2002) . Both processes weaken to some extent the integrity of the bond line and thus may cause the increase of the diffusion coefficient with increasing MC. In addition, Hass et al. (2010) investigated the influence of hardening and observed micro cracks within UF joints and pores within PVAc joints due to shrinkage. Dunky and Niemz (2002) also stated that swelling and shrinkage provoke crack formation in UF joints. Measurements of the water vapour diffusion resistance factor of foamed PVAc bond lines show clearly smaller diffusion resistances compared to unfoamed PVAc bond lines due to the high pore ratio (Sonderegger 2010). Therefore, it is conceivable that cracks and pores increase the diffusion coefficient with increasing MC, too.
The comparison of the results of series 2 with series 1 reveals that the diffusion coefficients of both adhesives, 1C PUR and UF, are higher at series 2, so that the diffusion coefficients for UF even are similar to the diffusion coefficients of the bulk wood portions (Figs. 4 and 5) . This may be due to the greater difference between the two climates on both sides of the samples and the fact that most of the measured profiles used for the calculation are located on a high MC near the bond line (similar to Fig. 2a ) so that the calculation was mainly influenced by a high MC. Moreover, the differences between the 1C PUR adhesives of series 1 and series 2 may also be attributed to the mechanical properties (e.g. different stiffness) of the two adhesives. EP as the adhesive with the highest bond resistance shows the lowest diffusion coefficient and therefore the highest diffusion resistance.
Conclusion
Using NI as a non-destructive method with a high sensitivity for hydrogen, it was possible to detect time dependent diffusion processes within wooden samples containing bond lines by localising and quantifying the water content in the diffusion direction.
On the basis of the received data, both the MC dependent diffusion coefficients of the spruce wood as well as of the bond lines were calculated in the form of an exponential function relative to MC with good agreement to the measured data.
The diffusion resistance of the bond lines strongly depends on the adhesive type and on the MC. 1C PUR and EP show up to three orders of magnitude lower diffusion coefficients at high MC compared to spruce wood and have a high barrier effect on water sorption over the whole measured MC range. In contrast, PVAc and UF had a lower barrier effect and clearly depend on the MC (diffusion coefficient increases with increasing MC). 
